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We tune the dimensionality of pancake-shaped strongly-interacting 6Li Fermi gas clouds from two-
dimensional (2D) to quasi-2D, by controlling the ratio of the radial Fermi energy EF to the harmonic
oscillator energy hνz in the tightly confined direction. In the 2D regime, where EF << hνz, the
measured radio frequency resonance spectra are in agreement with 2D-BCS theory. In the quasi-2D
regime, where EF ≃ hνz, the measured spectra deviate significantly from 2D-BCS theory. For both
regimes, the measured cloud radii disagree with 2D-BCS mean field theory, but agree approximately
with predictions using a free energy derived from the Bethe-Goldstone equation.
PACS numbers: 03.75.Ss
Quasi-two-dimensional (quasi-2D) geometries play im-
portant roles in high-temperature superconductors [1],
layered organic superconductors [2], and semiconductor
interfaces [3]. In high-transition temperature copper ox-
ide and organic superconductors, electrons are confined
in a quasi-two-dimensional configuration, creating com-
plex, strongly interacting many-body systems, for which
the phase diagrams are not well understood [4]. En-
hancement of the critical temperature Tc for the quasi-2D
regime, as compared to true 2D regime, has been pre-
dicted for thin films in parallel magnetic fields [5] and for
quasi-2D Fermi gases containing atoms in excited states
of the tightly confined direction [6], where Tc may ex-
ceed the 3D value. Ultracold atomic Fermi gases in 2D
and quasi-2D geometries provide model systems, which
have been the subject of numerous predictions [6–19] and
experiments [20–30].
Experimental studies of interacting Fermi gases in the
2D to quasi-2D crossover are of particular interest, be-
cause 2D is the marginal dimension for the formation of
confinement-induced quantum bound states [31] and also
for classical fluctuations of the superfluid order param-
eter. The dimer binding energy Eb ≥ 0 sets the natu-
ral scale of length for scattering interactions in 2D sys-
tems [7]. As noted by Randeria and Taylor [32], recent
experiments have made a number of intriguing and some-
what puzzling observations. Measurements in the nearly
2D regime [24] reveal that the radio frequency absorption
threshold is just Eb, in agreement with the 2D-BCS mean
field prediction [7] that one would not have expected to
be quantitatively valid in 2D. In contrast, recent experi-
ments on quasi-2D Fermi gases are in disagreement with
mean field theory and reveal that a 2D-polaron model can
fit both the radio-frequency pairing spectra [22] and the
cloud radii for spin-imbalanced and spin-balanced mix-
tures [27], while it fails to predict the observed phase sep-
aration [27]. An undamped, monopole breathing mode
is found to oscillate at twice the trap frequency for a
broad range of temperatures and couplings across the
2D crossover [33]. This apparent scale-invariant behav-
FIG. 1. The radial confinement of a focused CO2 laser beam
(blue) controls the dimensionality of pancake-shaped clouds
(red) in a standing-wave optical lattice. The dimensionality
of each cloud is determined by the ratio of the radial Fermi
energy EF to the energy level spacing hνz in the tightly con-
fined z-direction of each pancake site. Increasing the CO2
laser intensity tunes the cloud from two-dimensional, where
EF/hνz << 1, to quasi-2D, where EF/hνz ≃ 1.
ior, in a theory with an explicit scale Eb, is also very
surprising [34], but emerges naturally from zero temper-
ature mean field theory. An important open question is
to understand how mean field theory can be applicable
for some measurements in the 2D to quasi-2D crossover
regime, while it fails for others.
In this Letter, we report measurements of radio fre-
quency spectra and radial cloud profiles for a two-
component 6Li Fermi gas that is smoothly tunable from
the 2D to the quasi-2D regime. In the 2D regime, we find
that the measured spectra are fit by 2D-BCS mean field
theory. For the quasi-2D regime, the measured spectra
are fit by a 2D-polaron model, but are inconsistent with
2D-BCS theory. In contrast to the spectra, we find that
the measured cloud radii for both the 2D and quasi-2D
clouds are inconsistent with 2D-BCS mean field theory,
which predicts ideal gas density profiles, but are consis-
tent with the 2D-polaron model. Our results suggest that
the success of mean field theory for some measurements
may be only apparent.
In the experiments, Fig. 1, two intersecting beams
from a fiber laser operating at 1064 nm create an array
of pancake-shaped optical traps separated by 0.75µm,
2which tightly confine atoms along the z-axis. Superposed
on this periodic array is a focused CO2 laser beam that
provides the dominant radial confinement. We trap a
balanced (50-50) mixture of atoms in the two lowest hy-
perfine components (denoted 1,2) of 6Li, tuned near the
broad Feshbach resonance at 832.2 G [35, 36]. By chang-
ing the CO2 laser intensity, we vary the ideal 2D gas ra-
dial Fermi energy, EF = h¯ω⊥
√
N , where ω⊥ is the radial
harmonic oscillator frequency of a noninteracting atom in
the trap and N ∼ 2000 is the total number of atoms in
one site. The interaction strength is characterized by the
parameter EF /Eb12, where Eb12 is the binding energy of
a 1−2 dimer in the pancake trap [22]. We control the di-
mensionality of each pancake-shaped site by tuning the
radial EF relative to the fixed harmonic oscillator en-
ergy level spacing hνz in the tightly confined z-direction,
while keeping Eb12 nominally the same. The cloud is 2D
for EF /hνz << 1 and quasi-2D for EF /hνz ≃ 1.
To probe the pairing energy, we use radio-frequency
excitation of the transition from the atomic hyperfine
state 2 to a higher lying, initially empty hyperfine state
3. We record the number of atoms remaining in state
2 as a function of the excitation frequency relative to
the bare atom hyperfine transition frequency ν0
32
, i.e.,
∆νRF ≡ νrf − ν032. We measure ν032 using a high temper-
ature, low density 1− 2 mixture, which agrees with mea-
surements for a noninteracting cloud initially containing
atoms only in state 2. We then observe the rf spectra in
low temperature mixtures, which exhibit a pairing peak,
as shown in Fig. 2 for B = 1005 G and in Fig. 3 for
B = 834 G.
We consider first the measurements of rf spectra in
the 2D regime. In the simplest picture, the observed lo-
cation of pairing peaks would arise from the difference
between the binding energies of a 1− 2 dimer and a 1− 3
dimer, hνrf = Eb12 − Eb13, or between a 1 − 2 dimer
and a 1 − 3 scattering state, hνrf = Eb12 + Ek with
relative kinetic energy Ek ≥ 0. However, for the con-
ditions of our experiment, where EF ≥ Eb12, we expect
many-body physics to be important, as the interparti-
cle spacing is then comparable to or smaller than the
dimer size. For the 2D regime, we can try to apply 2D-
BCS theory for a true 2D system [12]. In this case, the
2D-BCS prediction for a 2 → 3 transition with a nonin-
teracting final state 3 is hνrf = Eb12, which is precisely
the dimer pairing energy, as noted previously [22, 24].
The noninteracting final state approximation is reason-
able for our experiments, where Eb13 << Eb12. However,
in calculating the spectra, we include Eb13 in the calcu-
lation of the 1-2 dimer to 1-3 dimer transition frequency
and we include final state (3-1) interactions in the thresh-
old spectrum [22]. Further, we convolve the calculated
spectra with a Lorentzian of width (FWHM) w, which
we believe arises from the short lifetime of the excited
3 state in the 1-2 mixture due to three-body collisions.
For the data at 1005 G, we use w = 4.8 kHz, measured
using the atomic 2 → 3 resonance, which still could be
observed in the low temperature 1 − 2 mixture. For the
data at 834 G, the width w = 15 kHz is found by fitting,
as we could not measure the width of the small atomic
resonance signal in this case. For the upper (2D) spectra
in Fig. 2 and in Fig. 3, where EF /hνz ≤ 0.18, we find
that the dimer spectrum predicted by 2D- BCS theory
is consistent with the data, as shown by the calculated
dashed-green spectra.
Now we examine the measurements in the quasi-2D
regime, shown as the lower spectra in Fig. 2 and Fig. 3,
where EF /hνz ≥ 0.8. Here, we find that 2D-BCS theory
does not fit the data. Recently, zero temperature 2D-
BCS theory has been extended to include higher axial
states [19], which one expects would contribute in the
quasi-2D regime. The predictions show that in the quasi-
2D regime, the pairing resonances should be significantly
shifted upward in frequency as observed, but quantitative
agreement has not yet been obtained.
We consider here a 2D-polaron model, which we have
found predicts several features of our previous data in
the quasi-2D regime [22, 27]. In the spectra, the polaron
model predicts a resonance for hνrf = Ep13−Ep12, where
the polaron energy of each state is given by
Ep = y(q)ǫF . (1)
Here, ǫF = πh¯
2 n/m is the local Fermi energy, m is the
atom mass, and n is the total density for the 50-50 mix-
ture. An approximate form for the dimensionless fac-
tor y(q) has been determined using the Bethe-Goldstone
equation [37, 38] that describes two-body interactions in
a many-body system,
y(q) =
−2
ln(1 + 2 q)
, (2)
where q = ǫF /Eb. This analytic result interpolates be-
tween the molecular regime (neglecting the molecular
mean field) at magnetic fields well below the Feshbach
resonance and agrees with the Fermi polaron approxima-
tion [22] and recent QMC predictions [39] at and above
the Feshbach resonance, where our data is taken. The
red solid curves in the spectra of Fig. 2 and Fig. 3 show
the polaron model predictions
I(∆ν) ∝
∫
2πρ dρ n(ρ)
1 + (2/w)2 [∆ν − (Ep13 − Ep12)/h]2
. (3)
The density n and local Fermi energy ǫF decrease with
increasing radius from the pancake center, producing a
downward sweeping broad spectrum, consistent with the
data. We see that the 2D-polaron model explains the
quasi-2D data reasonably well, consistent with our previ-
ous measurements in a CO2 laser standing wave trap [22].
In previous studies of quasi-2D spin-imbalanced and
spin-balanced clouds [27], we have measured both the
3FIG. 2. Radio-frequency spectra at B = 1005 G and νz = 98
kHz. Top: 2D regime with EF/hνz = 0.18, Eb12/hνz = 0.065,
EF/Eb12 = 2.82. Bottom: Quasi-2D regime with EF/hνz =
0.89, Eb12/hνz = 0.082, EF /Eb12 = 10.7. The fraction of
atoms remaining in hyperfine state 2 is measured as a function
of radio-frequency relative to the bare atom 2→ 3 resonance
frequency. The dashed-green (solid-red) curves denote the
dimer (polaron) prediction with no free parameters (top) and
fitted width w = 4.0 kHz (bottom).
cloud radii and the pressure for EF /hνz = 1.5. There, we
find that the 2D-polaron model gives a reasonable fit for
the measured radii and pressure, while 2D-BCS theory
for a balanced gas predicts an ideal gas pressure and ideal
gas cloud profiles [12, 27], in strong disagreement with
the measurements. Recently, Fischer and Parish [6] have
extended finite temperature 2D-BCS theory to include
higher axial states, which are expected to contribute to
the thermodynamics in the quasi-2D regime. In this case,
the predicted pressure decreases below the ideal gas pres-
sure with increasing EF /hνz, but it is well above the 2D-
polaron prediction [27], which agrees with measurements
in the quasi-2D regime [21, 27].
Our measured spectra for the 2D regime appear to
agree with 2D-BCS mean field theory, which predicts
dimer spectra, consistent with the 2D spectra obtained
in Ref. [24]. To examine the 2D-BCS predictions fur-
ther, we use an in-situ phase-contrast method to image
FIG. 3. Radio-frequency spectra at B = 834 G and νz = 98
kHz. Top: 2D regime with EF/hνz = 0.15, Eb12/hνz = 0.25,
EF/Eb12 = 0.60. Bottom: Quasi-2D regime with EF/hνz =
0.80, Eb12/hνz = 0.26, EF /Eb12 = 2.99. The fraction of
atoms remaining in hyperfine state 2 is measured as a function
of radio-frequency relative to the bare atom 2→ 3 resonance
frequency. The dashed-green (solid-red) curves denote the
dimer (polaron) prediction with no free parameters (top) and
fitted width w = 12 kHz (bottom).
the dense clouds in the 2D regime with EF /hνz ≤ 0.18.
From the atom number and peak column density [27], we
obtain the cloud radii shown in Fig. 4.
Over the measured range of EF /Eb, we see that the
cloud radii are well below the ideal gas limit R/RTF = 1,
where RTF =
√
2EF /mω2⊥ is the Thomas-Fermi radius.
In contrast, 2D-BCS theory for a true 2D system predicts
ideal gas Thomas-Fermi profiles [12, 27], R/RTF = 1, in
strong disagreement with the data.
Now we consider a zero-temperature, 2D-polaron
model prediction, shown as the the lower side of the blue
band in Fig. 4. The cloud radii are determined from
the local chemical potential µ = ∂f/∂n, which is deter-
mined from the approximate free energy density for the
balanced gas [27, 38],
f =
n
2
ǫF [1 + y(q)]. (4)
For the spin-balanced 1-2 mixture, we obtain the cloud
4radii in units of the ideal gas Thomas-Fermi radius [27],
R
RTF
=
√
µ˜(0) +
Eb12
2EF
, (5)
where µ˜(0) is the chemical potential at the center of the
cloud in units of EF [40].
For these experiments, we are not able to cool the cloud
as efficiently as in our previous studies in a CO2 laser lat-
tice, where we obtained T/TF < 0.2. We estimate the ef-
fect of finite temperature by using ideal gas temperature
scaling for the zero temperature radii. For T/TF = 0.2,
we obtain the upper side of the blue band in Fig. 4.
FIG. 4. Cloud radii versus EF/Eb, where EF is the radial
Fermi energy for an ideal gas, RTF is the Thomas-Fermi ra-
dius, and Eb12 is the 2D dimer binding energy of a 1−2 atom
pair. The blue band shows 2D-polaron model prediction at
T = 0 (lower side) and T/TF = 0.2 (upper side). The solid
line at R/RTF = 1 is the 2D-BCS prediction.
In conclusion, we have measured both the radio-
frequency spectrum and the cloud radii under the same
conditions for 2D and quasi-2D Fermi gas clouds. We
find that the pairing spectra measured in the 2D regime
can be fit using the mean field prediction of dimer spec-
tra, but that the cloud radii in the 2D regime are much
smaller than the ideal gas values predicted by 2D-BCS
theory. In the quasi-2D regime, quantitatively fitting
both the spectra and the cloud radii appears to require
a beyond mean field description. From these results, we
conclude that the measurement of pairing spectra in the
2D regime [24] does not provide a stringent test of the va-
lidity of 2D-BCS theory and that mean-field theory does
not quantitatively describe the 2D system, confirming the
conjecture by Randeria and Taylor [32].
Primary support for this research is provided by the
Division of Materials Science and Engineering, the Office
of Basic Energy Sciences, Office of Science, U.S. De-
partment of Energy (de-sc0008646) and by the Physics
Division of the Army Research Office (W911NF-14-1-
0628). Additional support for the JETlab atom cooling
group has been provided by the Physics Divisions of the
National Science Foundation (PHY-1404135) and the Air
Force Office of Scientific Research (FA9550-13-1-0041).
∗Corresponding author: jethoma7@ncsu.edu
[1] C. C. Tsuei and J. R. Kirtley,
Rev. Mod. Phys. 72, 969 (2000).
[2] J. Singleton and C. Mielke,
Contemporary Physics 43, 63 (2002).
[3] D. L. Smith and C. Mailhiot,
Rev. Mod. Phys. 62, 173 (1990).
[4] M. R. Norman, Science 332, 196 (2011).
[5] M. Baranov, D. Efremov, and M. Kagan, Physica (Am-
sterdam) 218C, 75 (1993).
[6] A. M. Fischer and M. M. Parish,
Phys. Rev. B 90, 214503 (2014).
[7] M. Randeria, J.-M. Duan, and L.-Y. Shieh,
Phys. Rev. Lett. 62, 981 (1989).
[8] H. Caldas, A. L. Mota, R. L. S. Farias, and L. A. Souza,
J. Stat. Mech. 2012, P10019 (2012).
[9] S. Yin, J.-P. Martikainen, and P. To¨rma¨,
Phys. Rev. B 89, 014507 (2014).
[10] J.-P. Martikainen and P. To¨rma¨,
Phys. Rev. Lett. 95, 170407 (2005).
[11] S. S. Botelho and C. A. R. Sa´ de Melo,
Phys. Rev. Lett. 96, 040404 (2006).
[12] L. He and P. Zhuang, Phys. Rev. A 78, 033613 (2008).
[13] W. Zhang, G.-D. Lin, and L.-M. Duan,
Phys. Rev. A 78, 043617 (2008).
[14] J. Tempere, S. N. Klimin, and J. T. Devreese,
Phys. Rev. A 79, 053637 (2009).
[15] G. Bertaina and S. Giorgini,
Phys. Rev. Lett. 106, 110403 (2011).
[16] M. Bauer, M. M. Parish, and T. Enss,
Phys. Rev. Lett. 112, 135302 (2014).
[17] D. E. Sheehy, Phys. Rev. A 92, 053631 (2015).
[18] L. He, H. Lu¨, G. Cao, H. Hu, and X.-J. Liu,
Phys. Rev. A 92, 023620 (2015).
[19] A. M. Fischer and M. M. Parish,
Phys. Rev. A 88, 023612 (2013).
[20] K. Martiyanov, V. Makhalov, and A. Turlapov,
Phys. Rev. Lett. 105, 030404 (2010).
[21] V. Makhalov, K. Martiyanov, and A. Turlapov,
Phys. Rev. Lett. 112, 045301 (2014).
[22] Y. Zhang, W. Ong, I. Arakelyan, and J. E. Thomas,
Phys. Rev. Lett. 108, 235302 (2012).
[23] M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, and
M. Kohl, Nature 480, 75 (2011).
[24] A. T. Sommer, L. W. Cheuk, M. J. H.
Ku, W. S. Bakr, and M. W. Zwierlein,
Phys. Rev. Lett. 108, 045302 (2012).
[25] M. Koschorreck, D. Pertot, E. Vogt, B. Frohlich, M. Feld,
and M. Kohl, Nature 485, 619 (2012).
[26] M. G. Ries, A. N. Wenz, G. Zu¨rn, L. Bayha, I. Boettcher,
D. Kedar, P. A. Murthy, M. Neidig, T. Lompe, and
S. Jochim, Phys. Rev. Lett. 114, 230401 (2015).
[27] W. Ong, C. Cheng, I. Arakelyan, and J. E. Thomas,
Phys. Rev. Lett. 114, 110403 (2015).
[28] I. Boettcher, L. Bayha, D. Kedar, P. A. Murthy, M. Nei-
5dig, M. G. Ries, A. N. Wenz, G. Zu¨rn, S. Jochim, and
T. Enss, Phys. Rev. Lett. 116, 045303 (2016).
[29] K. Fenech, P. Dyke, T. Peppler, M. G. Ling-
ham, S. Hoinka, H. Hu, and C. J. Vale,
Phys. Rev. Lett. 116, 045302 (2016).
[30] P. A. Murthy, I. Boettcher, L. Bayha, M. Holzmann,
D. Kedar, M. Neidig, M. G. Ries, A. N. Wenz, G. Zu¨rn,
and S. Jochim, Phys. Rev. Lett. 115, 010401 (2015).
[31] D. S. Petrov and G. V. Shlyapnikov, Phys. Rev. A 64,
012706 (2001).
[32] M. Randeria and E. Taylor, Annu. Rev. Condens. Matt.
Phys. 5, 209 (2014).
[33] E. Vogt, M. Feld, B. Fro¨hlich, D. Pertot, M. Koschorreck,
and M. Ko¨hl, Phys. Rev. Lett. 108, 070404 (2012).
[34] E. Taylor and M. Randeria,
Phys. Rev. Lett. 109, 135301 (2012).
[35] M. Bartenstein, A. Altmeyer, S. Riedl, R. Geursen,
S. Jochim, C. Chin, J. H. Denschlag, R. Grimm, A. Si-
moni, E. Tiesinga, C. J. Williams, and P. S. Julienne,
Phys. Rev. Lett. 94, 103201 (2005).
[36] G. Zu¨rn, T. Lompe, A. N. Wenz, S. Jochim, P. S. Juli-
enne, and J. M. Hutson, Phys. Rev. Lett. 110, 135301
(2013).
[37] M. Klawunn and A. Recati,
Phys. Rev. A 84, 033607 (2011).
[38] M. Klawunn, “Equation of state and Kosterlitz-
Thouless transition temperature in two-dimensional
Fermi gases: An analytical approach,” ArXiv:1510.02081
[cond-mat.quant-gas].
[39] S. Bour, D. Lee, H.-W. Hammer, and U.-G. Meißner,
Phys. Rev. Lett. 115, 185301 (2015).
[40] Here, µ˜(0) = n˜(0){1 + y[q0n˜(0)] + y
′[q0n˜(0)]/2}, where
y′(q) ≡ q y2(q)/(1 + 2q) and q0 = EF/Eb. We deter-
mine the scaled total density n˜(0) self-consistently from
n˜(0) = 1/
√
1 + y[q0n˜(0)] + y′[q0n˜(0)]. For a detailed ex-
planation, see Ref. [27].
